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DETERMINATION OF PLATE COMFRESSIVE STRENGTHS
AT ELEVATED TEMPERATURES

By George J. Heimerl snd William M. Roberts
SUMMARY

The results of local-instability tests of H-section plate assemblies
and compressive stress-straln tests of extruded 75S-T6 aluminum alloy,
obtained to determine flat-plate compressive strengths under stabilized
elevated-temperature conditions, are given for temperatures up to 600° F.
The results show that methods evallable for calculating the critical
compressive stress at room temperature cen also be used st elevated
temperatures if the applicable compressive stress-strain curve for the
material 1s glven.

INTRODUCTION

The strength of alrcraft maberiels and structures at elevated
temperatures 1s a question of increasing interest because of the brend
toward high alrcraft speeds at which aerodynamlc heabing (see reference 1)
met be consldered. At the present times, however, almost no information
1s avallable on the effects of elevated temperastures on the compressive
strength of alrcraft structural elements, such as columns or pletes, or
on .the compressive properties of materials.

The results of a recent experimentel investlgation to determine
the plate compressive strength of various alrcraft structural materisls
at room temperature (see summary paper, reference 2) showed that the
secant modulus, obtained from the compressive stress-strain curve for the
materlal, could be used to calculate approximately the critical compressive
stress of a plate. A more recent theoretical spproach (reference 15
corroborated these resulte and provided a basis for a more accurate
calculation of plate buckling by teking into account plate-edge conditions.

In order to ascertaln whether methods, adequate at room temperature
for determining plate compresslve strengths, could be used at elevated
temperatures, local-instebility tests were msde of extruded H-sections
of 758-T6 aluminum alloy at stabilized temperatures up to 600° F. This
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paper presents the results of these tests snd shows that the critical
compressive stress at elevated temperatures may be determined from the
epplicable compressive stress-straln curve for the material.

METHODS OF TESTING AND ANALYSIS

Test specimens were made from three specisal H-sectlon extrusions
of 755-T6 aluminum alloy heving the cross section 1llustrated in figure 4
of reference 2. All tests were made in hydraulic-type besting machines
accurate wilthin three~fourths of 1 percent.

Compressgive gtress-straln tests.~ The small furmace used in making
the compressive stress-straln tests at elevated temperetures is shown in

flgure 1 together with the compression fixture and differential-transformer
extensometer. The fixture ubtlllzed grooved plates for supporting a
single~thickness specimen 2.52 inches long and 1.00 inch wide. General
principles end technique described in reference L were followed in regard
to the design end operation of the fixbure. 2in essential modification

wag a provision for mounting Individual thermocouples at top, mlddle,

and bottom positions on one of the side faces of the specimen.

The stress-straln tests were made under stabllized elevated-
temperature conditlions. Exposure times tended to vary at the begimming
of the investigation from sbout 30 to 60 minutes because of the difficulty
experienced at the higher temperabtures Iln obtaining stablllized temperature
conditions for short time exposures. After installation of ram heaters,
gatlsfactory stabilized tempersture condltlons could readlly be achieved
in %0 minutes. Arbitrary straln rates of 0.002 and 0.004k per minute were
uged. In order to eliminate as mmch as possible the effects of lateral
pressure from the supporting plates on the speclmen, the support pressure
was kept at a minimum (see reference 4 for the technique in using
compression fixtures). The results of a few tests at 400° F in which the
pressure was arbltrarily increased did not indlcate any appreciable
offects on either the compressive yleld stress oxr the modulus of
elasticlty.

A special extensometer (see fig. 1) was required for measuring the
straln over a l-inch gage length on the specimen. A rod and tube assembly
carried the relatlve movement of two sets of gage points below the
Turnace to two differentlial trensformers, one of which can be seen in
figure 1. Both load and straln were recorded aubtographically.

Voltage control of three horizontal banks of strlp heaters in the
furnace, and of both the top and bottom ram heaters, resulted ln satis-
factory temperature control. The maxrimm varlation of temperature along
the length of the specimen could be readily kept within 1° F or 2° F. A
controller, operated from a thermocouple on the fixture, was used for

temperature control. Specimen, alr, fixture, and ram temperatures were
recorded..
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Local-instablllty testg.~ The plate compressive strength was determined
from tests of extruded H-section plate assemblies so proportioned that the

plate elements falled by local instability. The method of testing was
similer to that described In reference 2 except for modifications necessary
for tests at elevated temperatures.

The three-section furnace, designed to accommodate various lengths of
specimens, is shown in filgure 2, together with the temperature conbrol and
recording equipment. The large furnace section had three horizontal banks
of strip heaters and each emall umit had one bank. Proper temperature
distribution was obtained through voltege control in each bank or set of
banks of strip heaters as deslired, as well as by individusl control of the
top and bottom ram heaters.

In order to detect buckling, the lateral displecement of the flange of
the H-sectlon was transferred to a differential~transformer gage below the
furnece by means of a rigid-lever system (see fig. 3). Both the load and
lateral displacement were recorded autograsphically. The local-instability
tests were made under stebllized temperature conditions compareble to those
used In making the compressive stress-strain tests and were made at the
seme strain rates of 0.002 and 0.004 per minute and en exposure time
averaging sbout 40 minutes.

Analysis of the compressive properties.- Inasmuch as the compressive
yield stress for extruded H-sections of 75S-T6 aluminum alloy tends to vary

over the cross section (see fig. 3 of reference 2), a representative stress-
gtrain curve appliceble to the entire cross sectlon is needed for corre-
lation with the local-instebility test results. The method used herein
for obtaining a representative stress-strain curve for each extrusion is
based on the assumption thet velues of the compressive yleld stress Scy

for the flange and web material apply to the entlre wldth of these respec-
tive elements and that a representative value for the cross sectlon can be
had by calculating an aversage from the values of ch for the flange and

web welghted by teking into account the areas of these elements. A
representative stress-strain curve having this calculated value of o cy

vas then constructed from the avallsble stress-strain curves for the
extrusion. Average stress-strain curves for each temperature and strain
rate were then determined from the representative curves for the three
extruslons.

Anslysls of local-instability tests.- At room temperature, the

critical compressive stress Oor for H-section plate assemblles may be
calculated from the modlified plate-buckling equation

B2
Oer = ]__2(1?_[ S 12 )y : (1)
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In equation (1), gy is a nondimensional coefficient dependent upon plate
proportions aend edge conditions to be ussed with bty and by the thickness
and width of the web of the H-sectilon (values of ky; sare given in

reference 5, and the method of dimensioning is shown in fig. 4 of
reference 25, M is Polsson's ratio, E 18 Young's modulus, esnd 7 is
a coefflclent which is a measure of the reduced plate modulus nE. (For
stresses iIn the elastic range, 7§ = 1; whereas, above the elagtic

renge, < 1l.)

As In reference 2, the local-instaebility test results are herein
correlated with the compressive stress-strein curve by plotting the
experimental values of O, agalnst the calculated elastic critical

compressive strein €., glven by
€ = W"Qt‘we (2)
O 12(1 - u2)pf

Equation (2) is derived from equation (1) by setting 1 = 1 and dividing
both sides By E.

In the course of this investigetion a consistent lack of correlation
was found at elevated temperatures in the elastic range when H  was
taken as 0.33, the room-temperature velue for 758-T6 eluminum alloy.
When M was arbitrarily increased with increasing temperatures, however s
a satisfactory correlation was obtained in the elastic renge. The assumed
values of K, referred to again in a following section, were then used
in equation (2). This procedure was necessary because no direct evaluation
- of the varlation of K with temperature wes available.

[

RESULTS

The test results are summarized in table 1 and figures 4 to 9.

Compressive stress-strain tests.- Average compressive streés-stra.in
curves, together with upper-limit end lower-limit representative .curves

for the three T58-T6 sluminum-alloy H-section extrusions, are shown in
figure 4 for strailn rates of 0.002 and 0.004 per minute and at room
temperature (RT), 200° F, 400° F, and 600° F. From these average curves,
the varlation of the secantmodulus Eg,, &and tengent modulus Ei,, wlth

stress and temperature is shown in f.iguré 5 for convenience in analyzing
plasticliy effects. : o . .

The ratlo of the yield stress at a glven temperature to that at room
temperature for both compressive yleld stress c'rc ¥ and tensile yleld

stress th is plotted ageinst temperature in figure 6. Data for Oy
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were teken from reference 6. The fact that the ratio for Coy varies with

temperature in ebout the same mamner as that for Oty suggests that values
of Ucy at elevated temperatures may possibly be estimated from the more
frequently aveileble data for Oty at elevated temperatures.

The variations of Young's modulus E' and Poisson's ratio B with
temperature are shown in figure 7. Vsalues of M shown were obtalned
indirectly as mentioned previously and, while they appear reasonsable,
should be regarded only as epproximate. For comparative purposes, the
variation of E with temperature obtained from tensile tests of a number
of cast sluminum alloys (reference 7) is also shown in figure 7. Here the
lack of agreement between the results in tension and compression 1s marked.
Differences between such Fesults for cast and extruded aluminum alloys,
however, are probably to be expected.

In order to show the effect of different time exposures at a given
temperature, a few tests were made for exposure times ranging from 1/2 hour
to 2 hours at LO0° F (see fig. 8). For the average exposure time for all
the tests (40 min), a fairly rapid chenge of 0yy 1s indicated at Looo F.

At other temperatures, however, the effect of variation in exposure time
is probebly Somewhat less (see fig. 5-13 of reference 6).

Local - tability tests .- The correlation of the critical compressive
stress 0, vhen plotted against the calculated elastic critical

compressive strain € .,., equation (2)) with the average compressive stress-

strain curves is shown in Ffigure L for 200° F, L400° F, andY€00° F. At
elevated temperatures, good agreement is indicated for oy 1n the elastic

renge, but in the plastic range 0,,.. tends %o fall slightly below the

stress-strain curves as was the case at room temperatures for

755-T6 aluminum alloy as well as other materials (see fig. 5 of reference 2).
The effective modulus nE 1is therefore only slightly less than the secant
modulus which would apply 1f the data would plot exactly along the stress-
strain curve.

The ssme reletionshlp exists between Cop? the averege stress at

meximum load Oppy, and the compressive yleld stress oy, at elevated

temperatures as existed at room temperature (see fig. 9). For stresses
greater than aboutb % ch’ values of G,y 8are only slightly grea.te'r

then UCJ_:‘ 3 but for stresses less than sbout Ema:: becomes

]
i ey’
appreciebly greater than o, as o0, 1s reduced.



6 NACA TN No. 1806

For a given value of ¢,,, O,y &nd Opax 8&re somevhat greater for

the higher strain rate (0.00L per min) than for the lower (0.002 per min},
although the effect of .the variation in straln rate-was not appreciable for
these low strain rates except perhaps at 400° F (see figs. 4 and 9). The
increase in 0,y wlith straln rates corresponds approximately to the
increase in stress obtalned for the corresponding compressive stresg-strain
curves (see fig. 4).

CONRCLUSIONS

The results of the local-lnstabllity tests of extrudesd H-sectlons
of 75S-T6 aluminum alloy werrant the following conclueions regarding
the determination of compressive strengths of flat plates or plate
assemblles of varlious materisls at elevated temperatures:

l. The critical compressive stress 0. for H-section plate

assemblies of extruded 75S-T6 aluminum alloy may be determined approxl-
mately at elevated temperatures as well as at room temperature by the use
of the compressive stress-strain curve for the material for the deslred
temperature, strailn rate, end exposure time. At elevated temperatures,
the secant-modulus method is slightly unconservative in the plastic
region as was found to be the case at roam temperature for this material.

2. Approximately the same relationship exists between ,,., the average

gtress at maximm load Ehax, and the compressive yleid stresgs Ocy at

elevated temperatures as at room temperature for H-section plate assemblies.
For stresses above = Ooys Omax 18 only slightly greater than o,,;

n

whereas, below m Ocy’ Omax DRy be appreciably greater than o,.-

3. In view of the consistent general relationship previously found
at room temperature between the H-section plate-assembly test results

for the critical compressive stress o,,, and the compressive stress-

straln curve for a number of materisls, and the fact that this relation-
ship now appears to be walld atelevated as well as at room temperatures,
1t 1s reasonsable to expect that O,p DAY be approximately determined

at elevated temperatures for individual pletes and varlous plate assemblies
by methods which are satisfactory at room temperatures, provided that

the compressive stress—strain curve for the material st the desired
temperature, strain rate, and exposure time is given.

Langley Aeronautical Laboratory .
Natlonal Advisory Committee for Aeronautics
Langley Air Force Base, Va., December 6, 1948
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TABIE 1

TOCAL-TNRTABILITY TEST RESULTS FOR EXTRUIED 758-T6 ALMINUM-ALIOY H-SECTIONS

f Poleson'a
Temparature, Strain Exposure ratia €, Tor g 5
Colwmn T Tate time W r max Yor/Oppr
(°r) (pormn) | (mwn) | (aogmea) | (&) | U0 | ()
1 201 0.002 33 0.33 000213 | 21,410 | 44,250 0484
2 205 Dok o .33 00213 | 21,600 | 4,80 481
3 200 002 Lo 33 . +003 36,650 30,000 TH
L 202 00k 3T «33 0036 37,250 | 50,200 The
5 200 002 ko .33 00617 | 60,200 | 61,200 983
6 201 00k 33 .33 00610 | 60400 | 6Lho0 983
7 200 O02 35 33 00975 | TLA00 | 72,300 987
8 198 ook 33 *33 00969 | TL,00 | 72,900 58
9 Loo .002 ks b0 00226 | 18,500 | 25,700 .T20
10 00k ho 4o 00226 | 18,700 | 27,600 678
1 kot 002 60 40 0038 | 30,700 | 31,700 -969
13 Loo 002 50 A0 006532 39,900 Lo, &0 978
1k 399 Dok ho 2o 0062 | hi,7o0 | L2200 .988
13 4oh 002 35 Hg L0817 | ko250 | k1,100 978
16 Los .00k 3L . Q080 | k2,900 | 43,300 990
17 Skl 002 2 A7 7| 00237 5,360 5450 983
18 &0l 2004 & A7 00237 6,160 6,270 Sk
19 595 £02 52 A7 00391 6,30 6,48 985
20 €00 L0k S5k A7 00h05 6,80 6,960 9%
21 599 002 & A7 00 6,58 | 6,60 .986
22 600 00k 58 A7 ko 6,951 | 7,340 Hud
23 €03 002 55 Ay 00T | 6280 | 6,3 917
24 598 00k 54 N7 00 4210 7,280 998
23 &« 002 ()] 47 £a7oL 6,680 6,88 972
26 o2 o0k € BT D070k 7,30 | 7,58 955
a7 o0 02 50 I7 00TLO 6,760 6,920 977
28 597 00k 54 AT 00710 | T,k | 7,620 9t
a a = -Eai.—-
" 1201 - 12 )2

b Reprepentative valus

S0RT "ON NI VOVN




NACA TN No. 1806

'11 W
b dorberlty H i | ‘b-;

sabiiop i it -

L-57288 §

Figure 1l.- Equipment for compressive stress-strain tests at
elevated temperatures.
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Figure 2.~ Equipment for plate-buckling tests at elevated temperatures.
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Figure 3.- Plate
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Fiqure 4.—Correlation of plate compressive buckling test results with average compressive
stress-strain curves for extruded 75 S-T6 aluminum-alloy H-sections at elevated
temperatures. (For plate tests ,critical compressive stress is plotted against calculated
elastic critical compressive strain.)
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Figure 5.—Variation of the secant and tangent moduli with stress O
for the average stress-strain curves of figure 4 for
elevated temperatures.
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Figure 6.— Variation of the compressive yield stress Ogy
and tensileyield stress O}ywith temperature T
for extruded 75 S-T6 aluminum alloy.
(RT, Room temperature)
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Figure 7 —Variation of Young’s modulus E and Poisson’s
ratio (L with temperature for extruded 75S°T6
aluminum alloy. (RT, Room temperature)
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Figure8 —Effect of variation of exposure time at 400 °F
| on the compressive yield stress Ogy for
extruded 75S-T6 aluminum alloy.
(Valuesof Ocy shown are the average for one
cross section at a strain rate of 002 /min.)
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Figure9—Experimental relation between the critical compressive
stress O, ,the average stress at maximum load Tppqy
and the compressive yield stress OL y for extrude
75S-T6 aluminum-alloy H-sections o% elevated
temperatures.



